ABSTRACT: The ability to convert simple and common substrates into fluoroalkyl derivatives under mild conditions remains an important goal for medicinal and agricultural chemists. One representative example of a desirable transformation involves the conversion of aromatic and heteroaromatic ketones and aldehydes into aryl and heteroaryl β,β,β-trifluoroethylarenes and -heteroarenes. The traditional approach for this net transformation involves stoichiometric metals and/ or multistep reaction sequences that consume excessive time, material, and labor resources while providing low yields of products. To complement these traditional strategies, we report a one-pot metal-free decarboxylative procedure for accessing β,β,β-trifluoroethylarenes and -heteroarenes from readily available ketones and aldehydes. This method features several benefits, including ease of operation, readily available reagents, mild reaction conditions, high functional-group compatibility, and scalability.
■ INTRODUCTION
Recently, the synthesis of trifluoromethylated compounds has received much attention because of the great changes that the CF 3 group imparts on the physicochemical and biophysical properties of small molecules. 1 Numerous methods have been developed for the controlled incorporation of CF 3 groups into organic molecules, 2 many of which have focused on the preparation of α,α,α-trifluoromethylarenes and -heteroarenes. 2, 3 In contrast, the ability to access other common fluorinated groups remain less well developed. For example, many β,β,β-trifluoroethylarenes and -heteroarenes possess medicinally relevant activity, and over 21,000 compounds bearing these substructures possess documented biological activities. 4 However, the lack of simple and general transformations to access β,β,β-trifluoroethylarenes and -heteroarenes limits facile access to many desired targets.
Historically, β,β,β-trifluoroethylarenes and -heteroarenes have been most commonly accessed from the corresponding aromatic and heteroaromatic aldehydes and ketones. This conversion generally requires a three-step sequence involving 1,2-addition of the Rupert−Prakash reagent (TMSCF 3 ), 5 functionalization of the resulting alcohol, and reduction or deoxygenation (Scheme 1A). 6 Each step of this arduous sequence requires isolation and purification of products, which diminishes the yield of final product, consumes substantial quantities of solvents and reagents, generates excessive waste, and expends an individual's time. Despite these drawbacks, this sequence still represents the most common strategy for accessing β,β,β-trifluoroethylarenes and -heteroarenes. 6 Several other metal-mediated and -catalyzed strategies provide access to β,β,β-trifluoroethylarenes and -heteroarenes but are less commonly employed. Aryltrifluoroethanes can be accessed from benzylic electrophiles using stoichiometric Cu−CF 3 (Scheme 1B) 7 and from aryl iodides using stoichiometric Cu−CH 2 CF 3 " (Scheme 1C). 8 In addition, Pd-catalyzed reactions of aryl boronic acids with ICH 2 CF 3 can provide β,β,β-trifluoroethylarenes (Scheme 1D). 9 However, few of these methods enable access to secondary trifluoromethyl products or N-containing heterocycles, the latter of which remain important for the development of therapeutic candidates and agrochemical agents. In addition, a free-radical-based C−H functionalization approach using zinc sulfonate salts can also introduce the -CH 2 CF 3 group onto heteroaromatic substrates at a late stage of a synthesis (Scheme 1E). 10 However, using an innate C−H functionalization strategy, certain target molecules might be difficult to access. Therefore, the development of complementary methods to access this general substructure remains an important goal. Herein, we report a metal-free one-pot process for the trifluoromethylation of aromatic and heteroaromatic aldehydes and ketones to access privileged β,β,β-trifluoroethylarenes and -heteroarenes.
We sought a one-pot approach to the preparation of β,β,β-trifluoroethylarenes and -heteroarenes from ketones and aldehydes (Scheme 1G). Ketones and aldehydes represent attractive groups for functionalization found in many commercially available building blocks and natural products and are readily accessible by a variety of synthetic transformations. We drew inspiration from several two-step procedures involving difluoroolefination of ketones and aldehydes using Wittig reactions 11 or Julia−Kocienski reactions, 12 followed by a hydrofluorination reaction (Scheme 1F). 13 However, for "green" considerations, the ability to telescope these two reactions into a single pot process represents a desirable goal.
■ RESULTS AND DISCUSSION
In order to develop a practical and efficient transformation for aromatic and heteroaromatic aldehydes and ketones, we devised a one-pot difluoroolefination−hydrofluorination sequence to provide access to β,β,β-trifluoroethylarenes and -heteroarenes (Scheme 1G). Initially, 2-naphthaldehyde was selected as a model substrate, and quick optimization of the difluoroolefination reaction confirmed that the use of Xiao's stable R 3 P + CF 2 CO 2 − reagents 15 in N,N-dimethylformamide (DMF) at 60−100°C provided access to the corresponding difluoroalkene. Subsequent work assessed several sources of fluoride for the hydrofluorination step of the transformation. Most commonly, hydrofluorination reactions of difluoroolefins employ metal fluorides in combination with phase-transfer catalysts (e.g., K 222 ). 16 However, the use of these reagents (KF, CsF, TBAF·3H 2 O, KHF 2 ) in the one-pot process provided low yields of the trifluoroethylarene product in DMF. In contrast, the use of commercially available tetrabutylammonium fluoride (TBAF) in tetrahydrofuran (THF), which is rarely used for this transformation, afforded good yields of product.
13b When using TBAF (THF), the water content of the solution was crucial for success of the reaction (Table 1) . Specifically, 5−8 mol % water provided good yield of product (Table 1 , entries 1−4), but increasing the water content beyond 10% decreased the yield of product (Table 1 , entries 5 and 6). For all subsequent reactions, TBAF (1.0 M in THF) with 5 mol % of H 2 O was employed. The present one-pot trifluoromethylation reaction of aromatic aldehydes tolerated a broad variety of useful and important functional groups, including nitro, ester, amide, aliphatic ether, and aliphatic amine groups (Table 2) . Mono-, di-, and trisubstituted aromatic aldehydes with distinct electronic characters all underwent trifluoromethylation under mild conditions (60−80°C) and in short reaction times (<2 h). Electron-neutral and -rich substrates (Table 2 , entries 5−9) typically required the use of higher temperatures and longer reaction times than substrates bearing strong electron-withdrawing groups (Table 2, entries 1−3). Using this procedure on a larger scale, 1.33 g of material could be obtained in 74% yield (Table 2 , entry 7). The trifluoromethylation of polysubstitued aromatic aldehydes and an ortho-substitued aldehyde also proceeded efficiently (Table 2 , entries 8−10).
Heteroaryltrifluoroethanes also represent important structural motifs found in many pharmaceutical candidates and agrochemicals, 4 and the ability to access these substructures from the respective heteroaryl aldehydes would complement other approaches.
7 To this end, a variety of heteroaromatic aldehydes were subjected to the optimized reaction conditions (Table 3) . Trifluoromethylation of electron-rich heteroaryl aldehydes including 2-furan, 7-benzothiophene, 5-pyrazole, and 3-indole provided products in good yields (Table 3 , entries 1−5). Reactions of electron-deficient quinoline and pyridine-based aldehydes also generated the corresponding products (Table 3,  entries 6 and 7) . Again, these reactions demonstrated compatibility with important protecting groups (Bn and Boc) and aryl halides (Br and Cl), all of which might be useful for further synthetic elaboration (Table 3 , entries 1, 3, 4, 6, and 7). In order to further demonstrate the potential for larger-scale application of this process, a trifluoromethylation reaction of a 3-formyl indole was conducted on a 1 g scale and provided 77% yield (Table 3 , entry 5). However, on this scale, each step of the reaction required slightly longer time to reach full conversion 15 in DMF helped overcome this problem, but the previously reported conditions provided low yields of product. Though reevaluation of the reaction conditions identified toluene (PhMe) as an optimal solvent for the difluoroolefination reaction using (Me 2 N) 3 P + CF 2 CO 2 − , although DMA also provided good yield of the difluoroalkene. Further optimization using PhMe identified lower concentration, shorter reaction time, and 100°C as improved conditions. After successfully optimizing the first step of the transformation, efforts focused on hydrofluorination of the difluoroolefin intermediate 8. Evaluation of different sources and equivalents of TBAF revealed that 3 equiv of commercially available TBAF (1.0 M in THF) provided partial conversion to product. However, the biphasic combination of PhMe/TBAF/THF inhibited efficient conversion to the trifluoroethane product. In order to overcome the problem, the use of co-solvents was investigated. Specifically, studies focused on employment of PhMe/DMA (DMA also facilitated the first step of the reactions), and eventually use of a solvent mixture of PhMe/DMA (3:1) more effectively converted difluoroalkenes 8 to trifluoromethane 9. On the basis of subsequent optimization, three parameters (concentration, temperature and solvent system) proved crucial for successful reactions, and future users of the method are encouraged to reevaluate these parameters for any particular substrate.
The one-pot trifluoromethylation reaction of ketones demonstrated high functional group tolerance, but the success of individual substrates generally required optimization of concentration and reaction time (Table 4 ). In general, the difluoroolefination reactions using (Me 2 N) 3 P + CF 2 CO 2 − completed in less than 3 h at 100°C, whereas the hydrofluorination of the difluoroalkene required extended reaction times (generally 20−30 h) at 100°C. For the preparation of branched trifluoroethanes, extended heating did not generally decompose the final products. Electron-neutral (aromatic), inductively electron-deficient (3-iodo, 3-alkoxy), and electron-rich (3-SMe) aryl ketones readily underwent trifluoromethylation in moderate yields (Table 4 , entries 1−7); however, reoptimization of the concentrations of each reaction was required to provide reasonable yields. A ketone containing a dibenzothiophene ring system also provided the trifluoromethylated product in good yield ( Table 4 , entry 8), and an extended chain ketone, valerophenone, also generated the desired trifluoromethylated product in lower yield, possibly because of the increased steric hindrance of the aliphatic chain (Table 4 , entry 9). Finally, reactions of activated acetophenones bearing strong resonancedestabilized electron-withdrawing groups (4-CN, 4-CO 2 t Bu) did not provide product using (Me 2 N) 3 P + CF 2 CO 2 − , but the use of Ph 3 P + CF 2 CO 2 − at short reaction times and reduced temperature afforded moderate yields of the desired products (Table 4 , entries 10 and 11). For these last two examples, reduced reaction times and decreased temperatures for both steps helped avoid decomposition of the intermediates and the products.
The proposed efficiency, functional group compatibility, and operational simplicity of the trifluoromethylation of aldehydes and ketones should provide rapid access to important target compounds. For example, the present transformation provides 6a However, using the present reaction, 13 was readily accessed in 69% yield in a one-pot transformation. Benefits of the present approach include: (1) an improved overall yield, (2) decreased operational costs associated with time and labor, (3) generation of less waste from workup and purification of multistep sequences, (4) no metal contamination, (5) operational simplicity, and (6) usage of stable and nontoxic reagents. Because of these beneficial features, this reaction should provide improved access to a wide variety of aryl and heteroaryltrifluoroethyl analogues of target molecules.
■ CONCLUSION
A practical one-pot protocol was developed for converting aryl and heteroaryl aldehydes and ketones into β,β,β-trifluoroethylarenes and -heteroarenes. This transformation should provide rapid and efficient access to fluorinated analogues of agricultural chemicals and therapeutic candidates. The benefits of the present reaction (ease of operation, mild reaction conditions, inexpensive and readily available substrates and reagents, tolerance of many functional groups and heterocycles, potential for application on larger scales) should be useful for the discovery of therapeutics and agrochemical agents.
■ EXPERIMENTAL SECTION
All reactions were performed under an atmosphere of dry N 2 using ovendried glassware. Unless otherwise stated, trifluoromethylation reactions were performed in resealable 15 mL test tubes with PTFE septa. Reactions were monitored by thin-layer chromatography (TLC), visualizing by quenching of fluorescence or by use of a KMnO 4 stain. Flash column chromatography was performed using an automated system.
Solvents including DMF, PhMe, CH 2 Cl 2 , THF, CH 3 CN, and MeOH were used directly from a solvent purification system in which solvent was dried by passage through two columns of activated alumina under argon. Anhydrous DMA was purchased from a commercial source and used directly from an air-free bottle. The solvents were transferred via syringe from the solvent purification system to the reaction vial. Tetrabutylammonium fluoride solution 1.0 M in THF (TBAF) was purchased from in an air-free bottle, and the water content of the solution was routinely measured to 5−6 mol % using a Karl Fischer coulometer. Unless otherwise noted, all other commercially available substrates and reagents were used without further purification.
Infrared spectra were measured using a Fourier transform infrared spectrometer. Melting points (mp, uncorrected) were measured on a capillary melting point apparatus. High-resolution mass data were recorded on a magnetic and electrostatic sector mass analyzer set to electron impact ionization mode or a quadrupole and time-of-flight tandem mass analyzer with an electrospray ion source, and all samples were prepared in MeOH.
1 H NMR spectra were recorded on a 400 MHz (at 400 MHz) instrument and are reported relative to the residual solvent signal (CHCl 3 at 7.27 ppm).
13 C NMR spectra were recorded on a 500 MHz (at 125 MHz) instrument and are reported relative to the solvent signal (CDCl 3 at 77.16 ppm). Fluorine nuclear magnetic resonance ( 19 F NMR) spectra were recorded on a 400 MHz (at 376 MHz) instrument and are reported relative to α,α,α-trifluorotoluene (δ = −63.72 ppm). NMR data are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublets, q = quartet, sept = septet, m = multiplet), and coupling constants (Hz).
Synthesis of New Substrates. 3-Benzyloxybenzaldehyde, 17 2-bromo-3,4-dimethoxybenzaldehyde, 18 dibenzo [b,d] thiophen-e-4-carbaldehyde, 7k 1-phenylmethylpyrazole-5-carboxaldehyde, 19 and 5-(furan-2-yl)-1-methyl-1H-yrazole-3-carbaldehyde 6a were prepared according to known procedures.
Butyl 4-Formylbenzoate. Prepared according to the analogous procedure for the synthesis of octadecyl 4-formylbenzoate. 20 4-Formylbenzoic acid (3.00 g, 20.0 mmol), 1-butanol (1.48 g, 20.0 mmol), DMAP (0.240 g, 2.00 mmol) and DCC (4.10 g, 20.0 mmol) were dissolved in anhydrous CH 2 Cl 2 (0.050 L), and the mixture was stirred at rt for 24 h. The suspension was filtered, and the filtrate was concentrated in vacuo. Chromatography on silica gel (hexane/EtOAc = 90:10) produced the desired product (2.80 g, 68% yield) as a colorless oil. 1 4-Formyl-N,N-dipropylbenzamide. Prepared according to the analogous procedure for the synthesis of diethyl 2,2′-(4-formylbenzoylazanediyl)diacetate. 22 SOCl 2 (32 mL) was added dropwise to a cooled solution of 4-formylbenzoic acid (2.00 g, 13.3 mmol) in PhMe (0.030 L) at 0°C. The solution was refluxed for 1 h and then cooled to rt. The solvents were removed in vacuo, and the crude product was used immediately without further purification. A solution of dipropylamine (2.7 mL, 0.020 mol) and DIEA (9.0 mL, 52 mmol) in CH 2 Cl 2 (15 mL) was added dropwise to a solution of the above acyl chloride in CH 2 Cl 2 (0.040 L) at 0°C. The solution was warmed to rt and stirred for 4 h. When TLC showed complete consumption of the acyl chloride, CH 2 Cl 2 (10 mL) was added, and the organic phase was washed with 2 N HCl (2 × 80 mL) and brine (2 × 80 mL). The organic layer was dried over Na 2 SO 4 , filtered, and evaporated. The crude product was purified by column chromatography over silica gel (hexane/EtOAc = 85:15) to afford the title compound as a colorless oil (2.24 g, 72% yield). 23 A solution of n BuLi (2.5 M, 7.7 mL, 19 mmol) in hexane was added to a stirred solution of 2-((benzyloxy)methyl)furan 24 (2.41 g, 12.8 mmol) in dry THF (0.050 L) at −78°C. The reaction mixture was warmed to −10°C and stirred for 30 min. The mixture was cooled to −78°C, and DMF (2.0 mL) was added slowly. The mixture was allowed to warm to rt and stirred for 6 h. The mixture was poured into a solution of saturated aqueous ammonium chloride (40 mL), and the aqueous layer was extracted with ethyl acetate (3 × 50 mL). The organic layer was washed sequentially with water and brine (40 mL each), dried over anhydrous Na 2 SO 4 , and concentrated. Chromatography on silica gel (hexane/ EtOAc = 85:15) afforded the desired product (0.390 g, 14% yield) as a brown oil.
1 H NMR (CDCl 3 , 400 MHz) δ 9.63 (s, 1H), 7.38−7.29 (m, 5H), 7.22 (d, J = 3.5 Hz, 1H), 6.55 (d, J = 3.6 Hz, 1H), 4.62 (s, 2H), 4.58 (s, 2H). Spectroscopic data are consistent with the previous report. 25 tert-Butyl 5-Bromo-3-formyl-1H-indole-1-carboxylate. Prepared according to the analogous procedure for the synthesis of tert-butyl 5,6-dibromo-3-formyl-1H-indole-1-carboxylate. 26 5-Bromo-1H-indole-3-carbaldehyde (2.00 g, 8.90 mmol) was dissolved in THF (0.050 mL), and the solution was cooled to 0°C. Sodium hydride (60% dispersion in mineral oil, 0.690 g, 17.3 mmol) was added in one portion, and the mixture was stirred for 30 min. After this time, a solution of di-tert-butyl dicarbonate (2. 34 g, 14. 3 mmol) in THF (0.010 mL) was added dropwise, and the reaction mixture was stirred for a further 90 min while warming to rt. When TLC showed complete consumption of the starting material, the reaction was quenched by the careful addition of water (6 mL). The mixture was diluted with ethyl acetate (30 mL), and the organic layer was washed with water (2 × 30 mL) and brine (2 × 30 mL), dried over Na 2 SO 4 , filtered, and concentrated. The crude product was purified by column chromatography on silica gel (hexane/EtOAc = 80:20) to afford the desired product as a white solid (2.70 g, 93% yield), mp 162−163°C. 1 6-(4-Chlorophenyl)-2-pyridinecarboxaldehyde. 28 Trifluoroacetic acid (0.709 mL, 9.30 mmol) and 4-chlorophenylboronic acid (2.18 g, 14.0 mmol) were sequentially added to a solution of 2-pyridinecarboxaldehyde (1.00 g, 9.30 mmol) in CH 2 Cl 2 (46 mL). Water (28 mL) was added, followed by a solution of silver(I)nitrate (0.317 g, 1.86 mmol) in water (19 mL). Potassium persulfate (7.50 g, 27.9 mmol) was added, and the solution was stirred vigorously at rt for 6 h and monitored by TLC. The reaction was diluted with CH 2 Cl 2 (30 mL) and washed with 5% sodium bicarbonate (30 mL). The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 (2 × 20 mL), dried over Na 2 SO 4 , filtered, and evaporated. The crude product was purified by column chromatography on silica gel (hexane/EtOAc = 80:20) to afford the desired product in 8% yield in a 1:1.7 ratio (C4:C6) as a pale yellow solid, mp 91−93°C. 1 . 1-(3-Benzyloxy-phenyl)-ethanone. Prepared according to the analogous procedure for the synthesis of 1-(4-benzyloxy-phenyl)-ethanone. 29 K 2 CO 3 (3.00 g, 22.0 mmol) and benzyl bromide (1.44 mL, 12.0 mmol) were added to a solution of 3-hydroxyacetophenone (1.50 g, 11.0 mmol) in acetone (15 mL). The resulting suspension was refluxed for 12 h and then cooled to rt. The K 2 CO 3 was removed by filtration, and the acetone was removed in vacuo. The resulting residue was dissolved in CH 2 Cl 2 (20 mL) and washed with water (3 × 15 mL) and brine (10 mL). The organic layer was dried over Na 2 SO 4 , and the solvent was removed in vacuo. The crude product was purified by column chromatography on silica gel (hexane/EtOAc = 90:10) to afford the desired product as a colorless oil (1.98 g, 79% yield).
1 H NMR (CDCl 3 , 400 MHz) δ 7.61−7.56 (m, 2H), 7.47−7.34 (m, 6H), 7.21−7.19 (m, 1H), 5.13 (s, 2H), 2.60 (s, 3H). Spectroscopic data are consistent with the previous report. 30 General Procedure A. Under an atmosphere of nitrogen, a solution of methylmagnesium bromide (3.0 M in diethyl ether, 6.0 mL, 18 mmol) was added to a solution of aldehyde (12.0 mmol) in anhydrous THF (0.020 L) at 0°C. The ice bath was removed, and the reaction was stirred for 2 h. The reaction was quenched with a solution of saturated aqueous ammonium chloride. The organic layer was separated, and the aqueous layer was extracted with EtOAc (2 × 30 mL). The organic layers were combined, washed with brine (45 mL), dried over Na 2 SO 4 , and filtered. The solvent was removed in vacuo. Column chromatography afforded the intermediate alcohol.
General Procedure B. DMSO (0.030 mol, 2.1 mL) was added dropwise to a solution of oxalyl chloride (15 mmol, 1.3 mL) in CH 2 Cl 2 (5.0 mL) at −78°C. After 30 min of stirring, a solution of the intermediate alcohol (10.9 mmol) was added via syringe at −78°C, and the reaction was stirred for an additional 30 min. Triethylamine (50 mmol, 7.0 mL) was added dropwise, and the reaction was stirred for 20 min at −78°C. The reaction was quenched with a solution of saturated ammonium chloride (20 mL) and extracted with CH 2 Cl 2 (3 × 20 mL). The combined organic layers were washed with water (20 mL) and brine (20 mL), dried over MgSO 4 , filtered, and concentrated in vacuo to produce the desired ketone.
1-(3,5-Dimethoxyphenyl)ethanone. Prepared by subjection of 3,5-dimethoxybenzaldehyde to general procedure A to provide the intermediate alcohol (1.83 g, 90% yield), followed by subjection of the alcohol to the conditions described in general procedure B (1.46 g, 81% yield). Brown solid, mp 38−40°C.
1 H NMR (CDCl 3 , 400 MHz) δ 7.08 (d, J = 2.3 Hz, 2H), 6.64 (t, J = 2.3 Hz, 1H), 3.83 (s, 6H), 2.57 (s, 3H). Spectroscopic data are consistent with the previous report. − (285 mg, 0.800 mmol) and a stir bar, sealed, evacuated and backfilled with N 2 , DMF (1.6 mL) was added via syringe. The vial was placed in a 60°C heating block, and the reaction mixture was stirred for the time indicated in Table 2 or 3 (Step 1). A solution of TBAF (1.2 mL, 1.0 M THF) was added, and the reaction mixture was stirred for the time indicated in Table 2 or 3 (Step 2). The vial was allowed to cool to rt, and the mixture was diluted with EtOAc (3 mL). α,α,α-Trifluorotoluene (49 μL, 0.40 mmol) was injected as an internal standard, and an aliquot was removed for 19 F NMR analysis. After determination of the 19 F yield, the aliquot was recombined with the reaction mixture. H 2 O (6 mL) was added to the vial, and the mixture was extracted with EtOAc (3 × 10 mL). The combined organic solvents were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The residue was purified by automated flash chromatography to provide the desired trifluoroethylated products (Note: many of the products are volatile, and special care was taken not to evaporate lower MW compounds).
1-Nitro-3-(2,2,2-trifluoroethyl)benzene (Table 2 , entry 1). General procedure C was followed using butyl 3-nitrobenzaldehyde (60.4 mg, 0.400 mmol) in DMF (5.4 mL); first step: 60°C, 40 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane/ EtOAc = 95:5) yielded the title compound as a white solid (36.9 mg, 45%), mp 43−44°C. Butyl 4-(2,2,2-Trifluoroethyl)benzoate (Table 2, entry 2). General procedure C was followed using butyl 4-formylbenzoate (82.5 mg, 0.400 mmol) in DMF (5.4 mL); first step: 60°C, 60 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane/EtOAc = 95:5) yielded the title compound as a colorless oil (52.1 mg, 50%). . N,N-Dipropyl-4-(2,2,2-trifluoroethyl)benzamide (Table 2, entry 3). General procedure C was followed using 4-formyl-N,N-dipropylbenzamide (93.4 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 60 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane/EtOAc = 70:30) yielded the title compound as a colorless oil (65.5 mg, 57%). 1 (Table 2 , entry 4). General procedure C was followed using 3-(benzyloxy)benzaldehyde (84.8 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 120 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane) yielded the title compound as a colorless oil (59.6 mg, 56%). 1 2-(2,2,2-Trifluoroethyl)naphthalene (Table 2 , entry 5). General procedure C was followed using 2-naphthaldehyde (62.4 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 130 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane) yielded the title compound as a white solid (53.0 mg, 63%), mp 53−54°C. 4-(4-(2,2,2-Trifluoroethyl)phenyl)morpholine (Table 2, entry 6). General procedure C was followed using 4-morpholinobenzaldehyde (76.4 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 120 min; second step: 90°C, 120 min; workup and chromatographic purification (hexane/EtOAc = 90:10) yielded the title compound as a white solid (74.6 mg, 76%), mp 77−78°C. (Table 2 , entry 8). General procedure C was followed using 3,4,5-trimethoxybenzaldehyde (78.4 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 120 min; second step: 60°C, 60 min; workup and chromatographic purification (hexane/EtOAc = 90:10) yielded the title compound as a colorless oil (68.1 mg, 68%). (Table  2 , entry 9). General procedure C was followed using 4-(benzyloxy)-3-methoxybenzaldehyde (97.0 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 120 min; second step: 68°C, 120 min; workup and chromatographic purification (hexane/EtOAc = 95:5) yielded the title compound as a white solid (85.3 mg, 72%), mp 59−60°C. 1 (Table 2 , entry 10). General procedure C was followed using 2-bromo-3,4-dimethoxybenzaldehyde (98.0 mg, 0.400 mmol) in DMF (0.80 mL); first step: 80°C, 100 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane/EtOAc = 95:5) yielded the title compound as a colorless oil (81.4 mg, 68%).
1 H NMR (CDCl 3 , 400 MHz) δ 7.11 (d, J = 8.5 Hz, 1H), 6 .88 (d, J = 8.5 Hz, 1H), 3.88 (d, J = 9.1 Hz, 6H), 3.6 (q, J = 10.5 Hz, 2H). 19 Table 3 . 2-((Benzyloxy)methyl)-5-(2,2,2-trifluoroethyl)furan (Table 3 , entry 1). General procedure C was followed using 5-((benzyloxy)methyl)furan-2-carbaldehyde (86.4 mg, 0.400 mmol) in DMF (1.6 mL); first step: 80°C
, 40 min; second step: 60°C, 15 min; workup and chromatographic purification (hexane) yielded the title compound as a colorless oil (62.7 mg, 58%). (Table 3 , entry 2). General procedure C was followed using dibenzo [b,d] thiophene-4-carbaldehyde (85.0 mg, 0.400 mmol) in DMF (1.6 mL); first step: 80°C , 110 min; second step: 60°C, 40 min; workup and chromatographic purification (hexane) yielded the title compound as a white solid (56.5 mg, 53%), mp 100−102°C. 1-Benzyl-5-(2,2,2-trifluoroethyl)-1H-pyrazole (Table 3 , entry 3). General procedure C was followed using 1-benzyl-1H-pyrazole-5-carbaldehyde (74.4 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C , 40 min; second step: 60°C, 60 min; workup and chromatographic purification (hexane/EtOAc = 70:30) yielded the title compound as a colorless oil (58.6 mg, 61%). (Table 3 , entry 4). General procedure C was followed using tertbutyl 5-bromo-3-formyl-1H-indole-1-carboxylate (129.6 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 60 min; second step: 60°C , 10 min; workup and chromatographic purification (hexane) yielded the title compound as a white solid (107.4 mg, 71%), mp 89−91°C. . 3-(2,2,2-Trifluoroethyl)quinolone (Table 3 , entry 6). General procedure C was followed using quinoline-3-carbaldehyde (62.8 mg, 0.400 mmol) in DMF (1.6 mL); first step: 90°C, 50 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane/ EtOAc = 80:20) yielded the title compound as a white solid (33.8 mg, 40%), mp 64−66°C. 1 2-(4-Chlorophenyl)-6-(2,2,2-trifluoroethyl)pyridine (Table 3 , entry 7). General procedure C was followed using 6-(4-chlorophenyl)-2-pyridinecarboxaldehyde (87.1 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 60 min; second step: 60°C, 10 min; workup and chromatographic purification (hexane/EtOAc = 85:15) yielded the title compound as a pale white solid (51.1 mg, 47%), mp 64−66°C. Table 4 ( Step 2). The vial was allowed to cool to rt, and the mixture was diluted with EtOAc (3 mL). α,α,α-Trifluorotoluene (49 μL, 0.40 mmol) was injected as an internal standard, and an aliquot was removed for 19 F NMR analysis. After determination of the 19 F yield, the aliquot was recombined with the reaction mixture. H 2 O (6 mL) was added to the vial, and the mixture was extracted with EtOAc (3 × 10 mL). The combined organic solvents were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The residue was purified by automated flash chromatography, to provide the desired trifluoroethylated products (Note: many of the products are volatile, and special care was taken not to evaporate lower MW compounds).
Experimental Procedures for Compounds in Table 4 . 1-Iodo-3-(1,1,1-trifluoropropan-2-yl)benzene (Table 4 , entry 1). General procedure D was followed using 3′-iodoacetophenone (98.4 mg, 0.400 mmol) in PhMe/DMAc (5.4 mL, v/v = 3/1); first step: 100°C, 1 h; second step: 100°C, 2 h; workup and chromatographic purification (hexane) yielded the title compound as a colorless oil (55.2 mg, 46%). (Table 4 , entry 2). General procedure D was followed using 3′-benzyloxyacetophenone (90.6 mg, 0.400 mmol) in PhMe/DMAc (1.6 mL, v/v = 3/1); first step: 100°C, 1 h; second step: 100°C, 20 h; workup and chromatographic purification (hexane) yielded the title compound as a colorless oil (69.5 mg, 62% (Table 4 , entry 3). General procedure D was followed using 3′,5′-dimethoxyacetophenone (72.1 mg, 0.400 mmol) in PhMe/DMAc (1.6 mL, v/v = 3/1); first step: 100°C, 2 h; second step: 100°C, 14 h; workup and chromatographic purification (hexane) yielded the title compound as a colorless oil (54.3 mg, 58% (Table 4 , entry 4). General procedure D was followed using 3′,4′,5′-trimethoxyacetophenone (84.0 mg, 0.400 mmol) in PhMe/DMAc (0.80 mL, v/v = 3/1); first step: 100°C, 2 h; second step: 100°C, 26 h; workup and chromatographic purification (hexane/EtOAc = 85:15) yielded the title compound as a colorless oil (60.2 mg, 57%). 2-(1,1,1-Trifluoropropan-2-yl)naphthalene (Table 4 , entry 6). General procedure D was followed using 2-acetonaphthone (68.1 mg, 0.400 mmol) in PhMe/DMAc (5.4 mL, v/v = 3/1); first step: 100°C, 3 h; second step: 100°C, 24 h; workup and chromatographic purification (hexane) yielded the title compound as a white solid (47.5 mg, 53%), mp 43−45°C. 1 (Table 4 , entry 7). General procedure D was followed using 4′-methylthioacetophenone (66.4 mg, 0.400 mmol) in PhMe/DMAc (5.4 mL, v/v = 3/ 1); first step: 100°C, 3 h; second step: 100°C, 30 h; workup and chromatographic purification (hexane) yielded the title compound as a colorless oil (40.5 mg, 46% .
(1,1,1-Trifluorohexan-2-yl)benzene (Table 4 , entry 9). General procedure D was followed using valerophenone (64.9 mg, 0.400 mmol) in PhMe/DMAc (1.6 mL, v/v = 3/1); first step: 100°C, 3 h; second step: 100°C, 78 h; workup and chromatographic purification (hexane) yielded the title compound as a colorless oil (23.4 mg, 27%). (Table 4 , entry 10). General procedure D was followed using 4-acetylbenzonitrile (58.0 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 1.33 h; second step: 60°C, 0.5 h; workup and chromatographic purification (hexane/ EtOAc = 95:5) yielded the title compound as a colorless oil (36.6 mg, 46%). (Table 4 , entry 11). General procedure D was followed using tert-butyl 4-acetylbenzoate (88.1 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 8 h; second step: 60°C, 1 h; workup and chromatographic purification (hexane/ EtOAc = 96:4) yielded the title compound as a colorless oil (51.6 mg, 47%). . 5-(Furan-2-yl)-1-methyl-3-(2,2,2-trifluoroethyl)-1H-pyrazole (13). General procedure C was followed using 5-(furan-2-yl)-1-methyl-1H-pyrazole-3-carbaldehyde (70.4 mg, 0.400 mmol) in DMF (1.6 mL); first step: 60°C, 60 min; second step: 60°C, 6 h; workup and chromatographic purification (hexane/EtOAc = 80:20) yielded the title compound as a pale yellow oil (63.5 mg, 69%).
1 H NMR (CDCl 3 , 400 MHz) δ 7.52 (dd, J = 1.9, 0.9 Hz, 1H), 6 
